Sex differences begin around the eighth week after conception, when the embryo experiences a rise in hormonal levels (1) (2) (3) . By week twelve, the process of sexual differentiation is largely complete; although the critically sensitive period, (the time in which tissue development can be modified by environmental influences) (3) , lasts up to twenty-four weeks in utero (4) . The next period of increased hormone levels, with median levels equivalent to the pubertal hormonal surge, is referred to as the neonatal hormonal surge (1, 3) . During this period, levels of estrogen and testosterone, specific to chromosomally determined sex, are triggered by gonadotropin levels (3) . The neonatal surge is considered to be as potent as the pubertal hormonal surge and lasts through the first year of life (1, 3) . The hormone levels peak between the third and fourth month after birth for males while females have increased estradiol production from birth through early childhood (1, 3) . Hormonal surges that create size differences between males and females and their occurrences, shortly after conception through the first year of life, are well documented in the medical literature. Thomas et al. (5) showed that female neonates had lower average birth weights, lengths, and head circumferences than male neonates. Additional studies corroborate the finding that males are consistently born heavier, longer, and with bigger head circumferences than females (6) (7) (8) (9) (10) .
Many researchers have demonstrated the direct connection between the extent of fetal development and the pace of development during the first year of life (2, 11) . Thomas et al. (5) also noted that sexual differences in growth velocity were apparent after the 36 th week in utero, at which point skeletal development was already approximately three weeks more advanced in females than males. By birth, maturational variance between sexes increases to approximately a four to six week difference (2) . Essentially, quantitative anthropometric differences between males and females originate during the prenatal period and continue to advance throughout development.
Anthropological research on the developing skeleton has traditionally focused on the exploration of sex differences and sex estimation through shape analyses of the innominate and the mandible (12) (13) (14) (15) (16) (17) (18) (19) (20) . While there have been some successful techniques which discern differences between the sexes, they may not be applicable to dry bone (18, 20, 21) . Other studies have been published with forensically significant results, however validation studies of the original articles have rendered much lower accuracy rates (21) (22) (23) . The skeletal elements continually investigated are areas known to change due to the pubertal hormonal surge, which assumes the same differences would be recognizable in the subadult skeleton prior to puberty.
Factors that affect the pelvis are derived mainly from females preparing for reproductive maturation during the pubertal surge. Conclusions of results by Cardoso and Saunders (24) note that since the pelvis has late developmental pattern and adult size it may be that the sexually dimorphic features are an expression of development and not distinguishable prior to puberty.
This observation may explain why anthropologists have been unsuccessful in quantifying morphological sex differences in subadult pelves.
The metric analyses of long bones to determine sex differences in subadult remains have been uncommon in the literature. One exception is Choi and Trotter's (25) investigation of the weight and length of fetal long bones in both blacks and whites. There was no significant difference found between ancestries in the fetal skeletons; however, Choi and Trotter (25) correctly classified the sex of 72% of the fetal remains when using discriminant analysis.
Another area of metric research involves both the permanent and deciduous dentition by examining the sexually dimorphic features of crown dimensions (26, 27) . Although the recently revisited morphological studies of the mandible and pelvis fail to achieve success rates similar to those produced in the original articles (21) (22) (23) , the publications analyzing metrics of long bones and dental dimensions consistently yield a high percent correct for sex estimation.
There are multiple issues that may cause discrepancies in the previously noted results, mainly data sources and age distribution. Substantial collections are rare which include modern subadult skeletons with known demographics (28, 29) . Most large museums with research collections do not actively collect subadult skeletal material and even in collections that are actively growing, donations of deceased children are exceedingly rare. Most available material is either of archaeological origin or is extremely limited in terms of demographic variation.
Forensic anthropologists can pursue radiographic data sources in the absence of modern subadult skeletal collections.
An issue that is rarely addressed in subadult research is the over-use of large age ranges.
During growth there are recognized differences between infant, childhood, and juvenile ages following velocities and specific focuses (30) . It is certainly possible that observation of large chronological age ranges may cause non-metric and metric results to fluctuate. For example, Franklin et al. (31) investigated sex differences of the mandible by application of geometric morphometrics in individuals of 1 to 17 years of age. Results of this study concluded the mandible is unfeasible for sex estimation (31) . However, the enormous amount of growth and development that occurs during this period may drastically blur the morphological structures that are being analyzed. Research investigating changes within more narrow age ranges may elucidate sex differences that are being confounded by noise in the data. For this reason the authors focused on a limited age range and separated the data set into smaller cohorts in order to determine how narrow age intervals should be to detect sexual dimorphism in subadults.
Results of medical, clinical, and physiological research demonstrate unequivocal differences between males and females in size and proportions beginning early in life (2, 30) .
Similar results should therefore be detected metrically in the subadult skeletal system. Soft tissue and skeletal differences between the sexes within the first year of life were first examined by Stull in 2008 (32) . The current study builds upon Stull (32) by focusing solely on skeletal structures. The current study uses a radiographic sample of modern subadults to investigate sexual dimorphic differences in infant long bones. The elements evaluated are the left femur and humerus. These bones were chosen for numerous reasons, including their role in overall stature, for being sexually dimorphic throughout life, and their prevalence in being routinely imaged and easy to measure in radiographs (2, 33) . The aim of the present study is to provide insight into sexually dimorphic differences of long bone lengths and breadths, between sexes, within the first year of life. As the above literature review points out, there have been significant differences between the sexes documented in the medical literature. With demonstrable differences in soft tissue structures, such as lengths, we expect skeletal tissue to exhibit a similar pattern.
Materials and Methods
Radiographs of 85 individuals (n= 49 males, n= 36 females) were used for the femoral analyses and 45 individuals (n=24 males, n= 21 females) were used for the humeral analyses.
The radiographs were acquired from the Erie County Medical Examiner's Office in Buffalo,
New York. The sample includes individuals between birth and one year of age ( Figure 1 ). The Two measurements were obtained from the femur for analysis: (1) maximum length (FMXL) and (2) maximum breadth at midshaft (FMSBRD). On the humerus, four measurements were examined: (1) maximum proximal breadth (HPBRD), (2) maximum length (HMXL), (3) maximum breadth at midshaft (HMSBRD), and (4) maximum distal breadth (HDBRD).
Maximum length, breadth, and distal femoral and humeral measurements were assessed following Fazekas and Kósa (12) definitions. Maximum proximal humeral breadth was created specifically for the humerus in this study. The measurement is taken at the maximum projections on the proximal diaphysis while the bone is in anatomical position. The landmarks were demarcated in Photoshop CS3 and the document was then uploaded into tpsDig (34) and digitized. After the files were digitized, coordinate data was amassed using tpsUtil (35) . The recorded measurements have been analyzed in pixels, rather than being converted to a metric scale.
The amount of distortion that is acquired during the radiographic process was tested by using a feature displayed both on the cartridge and within the radiographic image. This landmark was measured on both the cartridge and the film, in a random sample of thirty images.
Measurements derived from the radiographs were scaled to real dimensions with an error of 0.2 mm. The error measurement reflects the distortion and magnification inherently produced during the process of radiography. This was only possible due to standardized operating procedures within the Erie County Medical Examiner's Office. If radiographs were introduced from another office, the images would all have to be appropriately scaled.
Statistical analyses were performed separately on the humeral and femoral data. Pearson product of moment correlations were calculated to determine if there was a statistical correlation between age, sex, and the measurements. A Kruskal-Wallis test was utilized as a means to determine if there were significant differences in the variables (measurements), among the sexes.
The Kruskal-Wallis test is a nonparametric ANOVA executed on the ranks of the data and tests the null hypothesis that means are equal across samples. The data here are of unequal size and not necessarily normally distributed (depending on how the data is partitioned temporally), which requires this nonparametric approach. Only two measurements were calculated from femoral landmarks, and thus variable selection was not necessary for examining regression and discriminant analysis (DA) models, as there are only 3 possible models to explore. Conversely, four measurements were available to model sex from the humerus. As this will produce numerous models to inspect, McHenry's algorithm for variable selection was utilized to find the best performing models [35] . Small changes in Wilks' Lambda indicate the most appropriate models for testing.
As sex is a categorical trait, logistic regression (36, 37) was utilized as a means to model the measurements as predictors of sex. Logistic regression is a regression alternative that allows for assessment of categorical data or combined categorical and continuous data. Logistic regression can produce results that measure the significance of the model through the analysis of deviance. Moreover, it also generates the percentage of observations correctly classified, based on the variables in the model. The preceding analyses were completed in NCSS (38) , as were plots to examine patterns in the data. A fifth analysis was also undertaken to understand the distribution of measurements across the sexes: discriminant analysis. Discriminant analysis is a model free clustering method that classifies individual observations into a preselected number of groups, based on the variables in the model. It produces an error rate, which when validated, estimates the number of individuals that were misclassified in relation to the known group assignment.
Discriminant analysis has several options for proceeding, based on data structure. In order to determine which DA is the best fit, several screening procedures should be undertaken. 
Results
Plots of age in relation to size for the measurements most highly correlated to sex (FXLN and HDBRD), reveal that males and females do not cluster separately (Figures 2 and 3, respectively). Rather, observations from males and females are interspersed among one another.
The femoral measurements were weakly negatively correlated (Pearson product of moments correlations) to sex (Table 1) , while weak positive correlations existed between humeral variables and sex, with the exception of HPBRD, which was negatively correlated with age (Table 2) . Temporal trends in the data were suspected as the cause for the low correlations.
Thus, new Pearson product of moment correlations were generated with the addition of an age variable (in weeks). These new tests revealed a strong correlation between age and the femoral measurements (Table 1) , and a lesser correlation among the humeral measurements and age (Table 2) . With confirmation of a temporal trend, the data were separated into 10-week cohorts (unless sample size per cohort numbered less than 5) to dissect out any sexual dimorphism in the data. A Kruskal-Wallis one-way ANOVA on the age cohorts confirmed the partitioning of the cohorts was appropriate through significant p-values (p=0.000004 for femoral age cohorts, p=0.004393 for humeral age cohorts). The age cohorts were also subject to Kruskal-Wallis oneway ANOVA analyses in relation to sex. No significant values were produced among the femoral or humeral data (Tables 3 and 4) . The best logistic regression models from each data set (entire and age cohorts) are reported in Tables 5 and 6 for femoral and humeral measurements, respectively. The results from logistic regression on the femoral measurements only yielded one model whose variables were significant: FMXL in the 20-29 week cohort. This model classified the observations into the correct sex 78% of the time. The other models and cohorts ranged from 50-90% classification rate. In the humerus, two models were significant: HMXL in 0-9 week age cohort and HPBRD in the 20+ week cohort. The classification rates for these models were 63.636% and 66.667%, respectively. The appropriate DA was selected for each femoral and humeral data set, based on the selection criteria discussed above. The results of the DA analysis selection criteria for the best models of each dataset are listed in Tables 7 and 8 . In the femur, error rates ranged from 0-14%.
The humeral DA were not as accurate; error rates ranged from 8-38%. 
Discussion
Initiation of this research was due to the overwhelming medical and clinical data illustrating sexual differences within the fetal period as well as the first year of life. It is logical to assume there would be manifestations of these differences in long bones, which is the primary reason they were chosen. The results of this study demonstrate that there are sexually dimorphic differences in the humerus and femur within the first year of life; however this was only successfully observed through discriminant analysis. Within the Pearson product of moment correlations, the strongest result was between age and long bone lengths of the humerus and femur. This is an expected result as long bone length is a variable forensic anthropologists rely on for estimation of age-at-death in subadults when soft tissue and/or dentition is not present (45) . Narrowing age to less than one year is not necessary and impractical when estimating sex from long bone measurements (see below). Despite the fact that a logistic regression model yielded 78% correct classification, it is not the most appropriate approach, as the variables were not significant, suggesting a poor fit of the long bone measurements to an equation that estimates sex. Discriminant analysis's performance is better than regression, indicating that measurements on an unknown infant can be used to estimate sex when compared to a sample of known sex infants. After running all possible models for the femoral data on the entire dataset and the individual age cohorts, femur midshaft breadth (FMSBRD) on the entire data set was the best model (using NNDA), yielding a 3% error rate. Although two age categories (20-29 and 30+ weeks) also have low error rates, one then introduces dependence upon age-at-death estimation and higher error rates among other age cohorts. Averaging the error rate across all age cohorts, to take into account the possible misclassification of the age-at-death technique, the average error rate is much higher, at 14%. Therefore, classification by age into smaller categories is not as accurate as using a 0-1 year age cohort. The same is true for the humeral DA analysis.
The suggested McHenry model for the humerus is the three-variable model that generated an error rate of 11%. Similar to the femoral data, the humeral 20+ age category has a lower error rate (~1%) than the entire data set; however the same issues arise when including the potential problems associated with age-at-death estimation techniques. Averaging across the age cohorts, the error rate increases to 20%. Therefore, the error rate for analyzing juvenile remains independent of age cohort is superior to breaking the age category down smaller than 0-1 year old.
The age-at-death techniques currently applied within the field may not be able to accurately place unknown remains into age categories more specific than 0-1 year, and thus not separating by smaller age cohorts is more appropriate in anthropological contexts. Although the current study did attempt to separate the data sample into 10-week categories (based on the results from the correlation matrix), the statistics were unable to discern the slightest expression of sexual dimorphism within the sample. Plots reveal a potential bias in this study when depicting the relationship of size, sex, and age within the data sample ( Figure 2 ). There is no evident trend between the sexes in regards to size as it relates to age, which may be an artifact of small sample size. Small sample size may also have influenced the outcome of this research in regards to the excellent error rates reported within. Thus, caution should be exercised when applying the methodology to other samples, until these results can be verified on a much larger, more diverse sample. Additional error was inherently introduced due to the nature of radiography. This should be considered whenever doing metric analysis on radiographic images. However, the measurements obtained on each element are repeatable on dry bone and the results of this study demonstrate that applying DA statistics with a known sample should result in high classification rates.
The greatest strength of this research lies in the promising results from analyzing the data with DA. This paper demonstrates there is no need to separate by age within the first year of life, as the strongest results overall were obtained using the entire sample. Therefore, this eliminates error introduced by estimating age-at-death into highly specific age categories. DA using the aforementioned models for both the femur and the humerus illustrates that an unknown subadult skeleton can be assigned a sex with high degree of certainty, when compared to a sample of known sex infants. This result corroborates other literature, such as Choi and Trotter (25) , which also demonstrates a high correct classification rate of fetal sex when utilizing DA of long bone measurements.
Conclusions
Past medical and clinical studies have demonstrated there are sexual differences very early during growth and development. The anthropological literature has been less persuasive in the matter. Although numerous studies have investigated sex differences within the subadult skeleton, most have focused on morphological variation and less on metric analysis. Moreover, most studies include large age intervals, rather than focusing on more specific cohorts that are partitioned based on known events during growth and development (30) . This approach has led to results where the accuracy of the technique have either 1) not been replicable, or 2) are not acceptable within forensic anthropological standards.
The current study demonstrates that it is possible to correctly sex unknown skeletal remains less than one year of age through metric analyses of the humerus and femur. The DA results boast low error rates with the elimination of introducing bias from age-at-death estimation techniques. This has major implications in the forensic anthropological field by providing a possibility to expand the biological profile to incorporate sex when assessing unknown subadult skeletal remains. Future studies should be directed towards extending the presented research model to all individuals, prior to the onset of epiphyseal fusion and expression of secondary sexual characteristics.
The two weaknesses of the current study are the small data sample and the use of radiographic images. As for the small sample size, it may have had implications on the logistic regression results, as well as possibly concealing any trends that may be associated with the neonatal hormonal surge. As for the radiographic analysis, although there is always an issue with distortion and applying the technique on dry bone, it seems to be the only option for research involving subadult skeletal remains.
The research model presented in this study can be used by forensic anthropologists in conjunction with a dataset of known individuals to correctly determine sex of unknown subadult skeletal remains. In an effort to augment existing subadult skeletal data sources, the National Institute of Justice awarded funding (2008-DN-BX-K152) for the development of a national radiographic database of known modern subadults between birth and twenty years of age. The data were collected from geographically diverse medical examiners offices across the United
States. The radiographic images were scanned and all demographic and biological information available was collected. This large collection of subadult radiographs will be available online and is recommended as a data source to all researchers interested in trends in modern growth and development. This reference collection, along with the individuals utilized in this research project, will be amassed to compose a known data set for comparison. Future research also promises the reexamination of the soft tissue data as well as age-at-death estimations through discriminant analysis in hopes to further reveal differences in the subadult skeletal systems.
